Abstract. This research aims to find out effective approaches to improve the low carbon economy efficiency of China and to promote its low carbon economy development. This paper utilizes two kinds of data envelopment analysis models to estimate the economic efficiency and low carbon economy efficiency of China. It takes carbon dioxide emissions as an undesirable output and compares them to find out the different performances of economic growth in various regions in China in the context of low carbon economy development, and then explores the potential determinants of low carbon economy efficiency for different regions in different periods. The results show that low carbon economy efficiency is much lower than economy efficiency in most areas in China. Additionally, both low carbon economy efficiency and economy efficiency show a slow downward trend in most provinces in China from 2000 to 2011, which was followed by a slight increase in 2012. Moreover, low carbon economy efficiency and economy efficiency show obvious geographic characters. We propose some policy implications. Several policy implications are also provided for various areas to improve low carbon economy efficiency.
Introduction
Since the reform and opening-up policies in 1978, China has become the secondlargest economy in the world and seen an average annual economic growth rate of 9.9% from 1979 to 2010, which arouses the interest of many researchers (Xing et al., 2018; Mutlu et al., 2018) . Some of these studies have reported a prolonged slowdown in China's total factor productivity. Many studies calculate the economic efficiency with different data envelopment analysis (DEA) models (Deilmann et al., 2016; Xing et al., 2018) , super-efficiency DEA window analysis (Huang et al., 2018a) , integrated DEA/AHP model etc. In most of these studies, labor, capital, and energy consumption are used as the inputs, while GDP is used as the output to calculate economic efficiency (Ashraf et al., 2018) .
However, the rapid economic growth of China brings about increasingly more energy consumption, which results in rapid increase in CO 2 emissions (Dong et al., 2018) . China is the largest CO 2 emitter in the world which accounts for 26.7% of global emission in 2012, and consequently, faces significant pressure to reduce carbon emission (Zhang et al., 2014) . The carbon intensity goal announced by Chinese government in 2009 shows that the Chinese government pursues the win-win target of GDP growth and carbon emission reduction in the process of economic development.
However, most previous studies ignored the impact of CO 2 emission constraints on the efficiency of China's economic growth (Haque et al., 2019) .
Both GDP and CO 2 emissions are simultaneously produced in the process of production. However, different from GDP which is a desirable output, carbon emission is an undesirable output. As such, traditional DEA models may not be appropriate. The undesired input can be evaluated by both indirect and direct methods (Scheel, 2001 ). The former one means using the inverse value of undesirable output as desirable output (Golany and Roll, 1989) or seeing the undesirable output as input (Tyteca, 1997) in standard DEA models. However, the direct approach treats the undesirable outputs more appropriately (Wu et al., 2018) . Moreover, the slack-based measure (SBM) model with more desirable outputs and less undesirable outputs relative to fewer inputs should be recognized as efficient (Xie et al., 2018) .
Therefore, this paper first estimates the Low Carbon Economy Efficiency of China by taking CO 2 emissions as the undesirable output and GDP as the desirable output in the undesirable output DEA model (Kumar et al., 2019) . And then, Low Carbon Economy Efficiency with Economy Efficiency is compared to find out the different performances of economic growth in various regions in China in the context of low carbon economy. Moreover, the potential determinants of Low Carbon Economy Efficiency for different regions in different periods are explored to find out the effective ways to improve Low Carbon Economy Efficiency and to promote low carbon economy development (Jeegatheesan et al., 2018) .
Plenty of studies contribute to indicate determinants influencing CO 2 emissions and economic growth in China. The following factors are of great importance (Suhaili et al., 2018) .
(1) Industry structure. In general, industrial is more energy intensive than tertiary industry. It is estimated that the rapid growth of energy consumption and CO 2 emissions are consistent with the continuing heavy industrialization in China. In this paper, the proportion of industrial added value in GDP is taken as an indicator for measuring industry structure.
(2) Urbanization. The urbanization rate of China expanded from 36.2% in 2000 to 52.6% in 2012 and is estimated to reach 70% in 2030 (World Bank, 2014) . The rapid growth of urbanization rate makes carbon emission reductions very difficult (Song et al., 2018a) . In this paper, the proportion of urban population residents in the total population is represented as the urbanization rate (Ali et al., 2018) .
(3) Research and Development (R&D) support. Extensive studies emphasize the importance of R&D to improve productivity and environmental performance (Song et al., 2018b) . Moreover, the literature on climate policy modeling has also indicated the core role that R&D is playing in industrializing countries such as China because R&D exerts opposing influences on energy and emission intensities (Huang et al., 2018b) . Therefore, the proportion of R&D expenditure in GDP is taken as a proxy for scientific and technical support (Nordin et al., 2018) .
(4) Government support. China is an investment-driven country, as such, the government's attitude towards the environmental problems can be seen from the amount of money invested. In this paper, the proportion of financial expenditure in GDP is considered as a proxy indicator (Majumder et al., 2019) .
(5) International trade. The ongoing raising of international trade is a significant driver for GDP growth and carbon dioxide emissions in China . It is estimated that CO 2 emissions in trade accounted for 19% of its total production-based emissions in 2008 (Zhang, 2014) due to more exports of energy-intensive products. The ratio of the amount of imports and exports to GDP is taken as a proxy indicator in this paper. Table 1 shows the details of these indicators. The objective of this research is to find out effective approaches to improve the low carbon economy efficiency of China and to promote its low carbon economy development. The remainder of this paper is organized as follows. 2 different DEA models are employed to estimate Economy Efficiency and Low Carbon Economy Efficiency, as well as their inputs and outputs, are briefly introduced (Nouaim et al., 2019) . Afterwards, the paper presents and discusses in details the results of Economy Efficiency and Low Carbon Economy Efficiency from the viewpoint of different regions in various periods in China. Conclusions and several policy implications can be found in the last section.
Materials and methods

DEA models
As one of the most widely used efficiency evaluation methods, DEA models provide a mechanism for measuring relative efficiency of similar economic production systems. Different DEA models and their applying requirements and advantages have been discussed in details by Wu et al. (2018) , Liu and Liu (2016) and Jiang et al. (2016) . In this paper, BCC DEA model is employed to estimate Economy Efficiency which aims at constant inputs producing more outputs (GDP). In contrast, undesirable output DEA model is utilized to estimate Low Carbon Economy Efficiency, which implies that constant inputs producing more desirable output (GDP) and fewer undesirable output (CO 2 emissions).
BCC DEA model
BCC DEA model was first proposed by Banker et al. (1984) and largely applied in the situation of "variable returns to scale" (VRS). BCC DEA model can classify the DMUs into efficient and inefficient ones according to the rule that whether the efficiency score equals one.
According to Banker et al. (1984) 
. . Given that there are n DMUs in production system P , and each DMU has m inputs, 1 s desirable outputs, and 2 s undesirable outputs. 
Data for inputs and outputs
The empirical study covers 30 provinces in the Chinese mainland, excluding Tibet because of energy consumption data loss. The 30 provinces in China can be aggregated to four areas, the Eastern (E), Northeast (NE), Central (C) and Western (W) areas. The Eastern area is the richest and most developed region in China. The Northeast area is one of the earliest and most important industrial base in the country. The Central area is considered to be a connecting link between the booming Eastern region and the relatively poor Western region by the Chinese government. The Western area is relatively backward but the resource-rich region.
The amount of energy consumption (E), labor force (L), and capital stock (K) are taken as inputs in both DEA models. Moreover, GDP is considered as the only output in BCC DEA model and the desirable output in undesirable DEA model, which presents the performance of economic development. In addition, the amount of CO 2 emissions is taken as the undesirable output in the undesirable DEA model, which reflects the objective to reduce carbon emissions.
CO 2 emissions
The amount of CO 2 emissions of different types of fossil fuel can be calculated. According to the national standard from the National Development and Reform Commission (NDRC) (Guidance for Compiling Provincial Greenhouse Gas Emission Lists (Trial), 2011), eight types of fossil fuel are considered, including coal, coke, crude, gasoline, kerosene, diesel oil, fuel oil, and natural gas. Thus, according to the approach recommended by IPCC (2006), CO 2 emissions from fossil fuel burning can be calculated based on 
is CO 2 emission factor of fuel i . All these data can be got from NDRC as shown in Table 2 .
All the data on fossil fuel are compiled from China Statistical Yearbook. However, the latest China Statistical Yearbook 2013 only provides energy consumption data by fuel by provinces in the year of 2011. As a consequence, we estimated these data in 2012 using the average annual growth rate of 2000-2011. Thus, the amount of 
Summary of inputs and outputs
The data on E, L, and GDP are obtained from China Statistical Yearbook. Data for K from 2000 to 2006 are directly acquired from Shan (2008) , and the rest of the data from 2007 to 2012 are estimated by perpetual inventory method according to Shan (2008) . Considering the fact that Chongqing used to be a part of Sichuan Province before 1997, Shan (2008) estimated their K value on the basis that considering Chongqing still as part of Sichuan. In order to separate the two different regions, K is divided according to gross fixed capital formation in these two provinces. All price values are converted to 2000 prices according to GDP deflator. Table 3 shows descriptive statistics of the input and output variables by region.
Analysis of impact factors
To further discover the determinants influencing China's economic growth efficiency under carbon emissions constraint, regression analysis method for panel data is applied to measure the relationship between the efficiency and the impact factors mentioned in 2.2.2. Specifically, the econometric model can be defined as: (1) The dependence on the proportion of industrial added value in GDP (IS) has a negative influence on Low Carbon Economy Efficiency in the whole country, which agrees with most research (Hao and Peng, 2017). The high proportion of energy intensive industry in the secondary industry accounts for a large amount of carbon emissions in China (Fan et al., 2018) . However, IS has a negative effect on the Eastern and Central areas but a positive effect on the Northeast and Western area. For the Eastern and Central area, the desirable output GDP is huge and presents an upward trend, so the core task of promoting Low Carbon Economy Efficiency improving should be concentrated on carbon abatement. However, in the Northeast and Western area, where the economics are relative backwardness, industrial structure which shifts from industrial to other industries will damage economic growth rather than decrease carbon emissions.
(2) Urbanization rate (UR) is one of the most vital positive factors impact Low Carbon Economy Efficiency of the whole country, as well as the Eastern and Western areas. Low Carbon Economy Efficiency in these areas will respectively go up by 0.677%, 0.763%, 2.074% with the value of UR increase 1%. The fast growing UR in Eastern area can promote the concentration of population lives and improve the efficiency of public infrastructure. Therefore, economies of scale of energy consumption can improve the energy efficiency. For the Western area, where the intensity of population is much smaller than the Eastern, the economies of scale of energy consumption are much more obvious. Therefore, a positive correlation can be seen in UR and Low Carbon Economy Efficiency there. However, UR had a negative and non-significant effect on the Northeast and Central areas. The reason is that with the process of urbanization, residents in urban have a growing demand for higher levels of energy services as living standards rise, which should greatly promote the total energy consumption and ultimately promote CO 2 emissions. rebound effect can be seen in these areas. Energy rebound effect means that although technological innovations improved the energy efficiency and energy savings, it also promoted rapid economic development and resulted in energy consumption increasing, and the volumes of increased over that of decreased. Secondly, R&D expenditure in China, which covers all aspects of science and technology, should be improved both in volume and structure. (4) The relationship between the proportion of financial expenditure in GDP (GS) and Low Carbon Economy Efficiency is positive except for the Eastern and Northeast areas. The amount of investment in financial expenditure such as environmental pollution treatment seeing a continuing increase in recent years, which showed the efforts and determination of the government to reduce energy overuse and waste. However, it can be seen from Table 5 that the government's efforts are negative in the Eastern and Northeast areas. For one thing, the amount of the investment may not be enough, especially for the Eastern area with the largest GDP in China; for another, investing in subsidy of equipment and technologies using have not been effectively used. (5) The ratio of imports and exports to GDP (IE) has a positive impact on Low Carbon Economy Efficiency of China. International trade can impact Low Carbon Economy Efficiency through introducing advanced technology, equipment, and management experience, as well as embodied carbon (Kang et al., 2018) . The former factors' effects can be seen from a long horizon while the latter can be seen in the initial stage of IE development. It can be seen that IE showed a positive and significant relationship with Low Carbon Economy Efficiency in the Eastern area where the vast majority of imports and exports in China are produced. The other three areas only account for 13.03% of the total amount of imports and exports in China from 2000 to 2012, and the majority of export-oriented factories in these areas are transferred from the Eastern area because of high energy consumption and environmental pollution. These factories contribute much more carbon emissions rather than GDP. International trade in these three areas was still in the initial stage and saw a negative impact on Low Carbon Economy Efficiency. Table 5 .
(1) IS sees decreased negative affect on Low Carbon Economy Efficiency in all areas except the Northeast, which means that energy and resource saving during the process of industrialization should be taken into account. However, increased positive correlation between IS and Low Carbon Economy Efficiency still can be seen in the Northeast area, for the reason that as an old industry base in China, industrialization is the basis of economic development in the Northeast area. Consequently, they should promote Low Carbon Economy Efficiency improvement during the process of industrialization through means of upgrading the industrial production from high investment, high energy consumption and high emissions to low investment, low energy consumption, and low emissions. As shown in Table 6 , the majority of provinces in the Eastern area are high-efficiency regions, and most provinces in the Central and Western area of China are low efficiency. These results imply that the Low Carbon Economy Efficiency shows obvious geographic characters. Furthermore, the whole period can be divided into four periods, as shown in Table 7 . 
Discussion
The analytical methodology of this paper is innovative and can be utilized in similar research. It utilizes two kinds of data envelopment analysis models to estimate the economic efficiency and low carbon economy efficiency of China. It takes carbon dioxide emissions as an undesirable output and compares them to find out the different performances of economic growth in various regions in China in the context of low carbon economy development, and then explores the potential determinants of low carbon economy efficiency for different regions in different periods.
As can be seen in the previous section, it is still a long and tough journey for China to achieve the win-win goal of high GDP growth and low CO 2 emissions, for Low Carbon Economy Efficiency is lower than Economy Efficiency in most provinces in China, which means unbalanced development of high GDP growth and low CO 2 emissions, and implied that most policy makers and implementers prefer increasing desirable output of GDP than decreasing undesirable output of CO 2 emissions. This is because provincial leaders in China pay more emphasis on the quantity of GDP growth over the quality of economic performance because the likelihood of promotion of them increases with GDP growth in their provinces (Chen et al., 2017) . Therefore, the quality of economics development, such as carbon emissions, should be considered as the next goal to achieve after getting a high value of GDP. This conclusion has also been supported by the evidence that the richest Eastern area also has the highest Low Carbon Economy Efficiency in China. Consequently, it is necessary to reform the performance evaluation system of policy maker and implementers from the quantity of economic growth to the quality of economic performance. Therefore, the environment protection, energy efficiency, as well as resources and other indicators, should be considered as important as GDP in the performance evaluation system, so as to stimulate policy makers and implementers to take decreasing undesirable outputs equally important as increasing desirable outputs.
Moreover, Low Carbon Economy Efficiency and its determinants vary with regions in China. As a consequence, different provinces should implement different policies and actions based on their actual situation to improve the Low Carbon Economy Efficiency. Provinces in the most developed and richest Eastern area see the highest Low Carbon Economy Efficiency for higher levels of environmental concern than other areas (Lin and Xu, 2018 the advantage of the natural ecological environment and benefit from more stringent constraints of promoting GDP growth due to the requirements to protect the natural ecological environment. Therefore, the core task for eastern and western areas to improve Low Carbon Economy Efficiency is expected to maintain a balance between GDP growth and CO 2 emissions. In addition, the reason that the Northeast and Central area saw a continuing decrease Low Carbon Economy Efficiency in recent years is that these two areas emphasis on increasing the desirable output GDP while ignoring the reduction of undesirable output CO 2 emissions. Consequently, the Northeast and Central regions need to treat carbon emissions abatement as important as GDP growth, which can be promoted through the reform of performance evaluation system for policy makers and implementers. In addition, different policies and actions have different effects on Low Carbon Economy Efficiency of various areas. For the Northeast area, the likelihood of promoting efficiency increases with RD, while RD has a negative impact on the Eastern and Western areas. For the Eastern and Western areas, the process of urbanization is more critical to improving Low Carbon Economy Efficiency, they should emphasize the quality of urbanization. Government support, especially financial support, sees more positive and obvious impact for the Central area. Finally, it is necessary to introduce market-based policy instruments to simultaneously control CO 2 emissions and promote GDP growth. Both the central and local governments play key roles in promoting economic development in China, through the ways of making policy, planning, resources input and allocation and so on (McMillan and Naughton, 1992). However, according to the law of diminishing marginal returns, expanding the volume of production factors input would yield lower per-unit returns at some time, which means relying on factors-driven to promote economic development is unsustainable and possibly increasing CO 2 , so as to exacerbate the difficulty of economic efficiency improvement. As a result, marketbased policy tools, such as environmental tax and emissions trading, should be introduced to provide incentives for carbon emitters to reduce carbon emissions without damaging economic development. For one thing, the revenue from environmental taxes can be reallocated to investment in energy saving technologies, or expanding the amount of funds invested in environmental pollution control, so as to promote Low Carbon Economy Efficiency improvement. For another, emissions permit trading is also a financial instrument. Several carbon emission trading systems such as EUETS and CCX introduced a series of financial derivative products (Helm, 2014) . The purpose of developing emission trading market not only can control carbon emissions but also can be used as a financial instrument to promote the development of the financial market.
Conclusions
Improving the efficiency of economic development is of vital importance of China to achieve sustainable development, and CO 2 emissions impact the development of economics as well. This research compared two kinds of economics development efficiency based on whether considering CO 2 emissions or not (Economy Efficiency or Low Carbon Economy Efficiency). Furthermore, we analyzed in details that the determinants of Low Carbon Economy Efficiency of different areas in China. The following basic conclusions can be obtained:
(1) There is still a long and tough journey for China to achieve the win-win goal of high GDP growth and low CO 2 emissions.
